Abstract-Room temperature, continuous-wave bistability was observed in oxide-confined, two-section, 1.3-m quantum-dot (QD) lasers with an integrated intracavity quantum-dot saturable absorber. The origin of the hysteresis and bistability were shown to be due to the nonlinear saturation of the QD absorption and the electroabsorption induced by the quantum confined Stark effect.
I. INTRODUCTION

S ELF-ASSEMBLED InAs or InGaAs quantum dots (QDs)
have been used as the gain medium to achieve laser diodes on GaAs substrates, with very low threshold current densities and emission wavelengths up to 1.3-m [1] - [5] . The properties of the QD layers as an absorber in an active device have not been investigated in detail, however, and only weak (bias circuit dependent) bistability and self-pulsation have been reported in a shorter wavelength QD laser with an intracavity QD saturable absorber [6] . Optical bistability is usually associated with two-section laser structures where one section is actively pumped while the other acts as a saturable absorber. This bistable behavior has important applications in optical switching and modulation [7] , [8] . More importantly, 1.3-m QDs have been shown to exhibit ultrafast dynamic response [9] , which suggests an ultrafast recovery time for a QD saturable absorber. An ultrafast QD saturable absorber may lead to high speed optical switching and modulation and to new techniques for semiconductor mode-locking. In this paper, we report the bistable operation of a long wavelength oxide-confined two-section QD laser with an integrated intracavity absorber formed with the same QD layers, in which both absorption saturation and electroabsorption induced by the quantum confined Stark effect (QCSE) play a role.
II. DEVICE STRUCTURE AND FABRICATION
The devices were fabricated from the same wafer as described in [5] . The wafer was grown by solid-source MBE on Publisher Item Identifier S 0018-9197(01)01631-1. a (001) -GaAs substrate. The active region consists of two InAs quantum-dots-in-a-well (DWELL) layers [2] separated by a 30 nm GaAs barrier layer, situated in the middle of a 220-nm-thick GaAs waveguide bounded by Al Ga As cladding layers. The devices have a typical two-section laser structure with a 50-m gap in the top -type contact metals. The lengths of the gain section and the absorber section are 4.73 and 1.79 mm, respectively, which ensure ground state lasing. An isolation resistance of 2.86 k is achieved between these two sections by using shallow dry etching to remove the heavily doped cap layer in the gap region. Current confinement is provided by the wet lateral oxidation [10] of a 50-nm-thick Al Ga As layer positioned between the waveguide and the upper cladding layers, resulting in a narrow current aperture of 10 m. Detailed device processing has been reported in [5] . No coating is applied to the cleaved facets. The devices were mounted on a copper heat sink with the -side up, and were tested under continuous-wave (CW) lasing operation at room temperature.
III. EXPERIMENTAL RESULTS
The devices were measured with current injection into the gain section and a constant reverse bias voltage applied to the absorber section. Room-temperature CW lasing occurred on the QD ground state. The peak external efficiency exceeded 25% for one facet and the lasing wavelength measured just above threshold is 1285 nm. Fig. 1 shows how the lasing light power emitted from the absorber facet and the voltage across the laser section vary with the forward and backward sweep of the laser current under: 1) short-circuit conditions, with V and 2) reverse bias, with 3.0 V across the absorber section. The L-I characteristics exhibit clear counterclockwise hysteresis loops and bistability. The loop position shifts to a higher laser current with increased reverse bias, while the loop width increases. The on-off ratio is about 27:1 at the center of the hysteresis loop. Unlike the devices described in [6] , the appearance of bistability in this device does not require a resistive load in the absorber bias circuit to provide feedback via the photocurrent change. Only a constant reverse bias voltage was applied to the absorber section. When the gain section is biased in the middle of the hysteresis loop, on-off switching and modulation can be attained by applying a positive or a negative current pulse to the gain section. Note that the V -I characteristic for 3.0 V is displaced due to the leakage current between the gain section and the absorber section.
From the threshold conditions at the corners of the hysteresis loop, the modal loss of the absorber was estimated as a function of the light power out of the absorber under different reverse bias conditions, as shown in Fig. 2 . The internal loss and the laser gain versus current density values obtained in [5] were used in the calculation with the leakage current subtracted from the threshold current. As expected, the modal loss of the absorber is comparable to the modal gain of the laser section. The absorption inside the absorber decreases nonlinearly as the light power output of the absorber is increased. Since the average light intensity within the absorber is proportional to the lasing light power output of the absorber, Fig. 2 also shows that the absorption of light by the absorber decreases nonlinearly as the light intensity inside the absorber is increased. This nonlinear saturation of absorption with increasing light intensity originates from the emptying of the QD ground state transition [11] , [12] , and is the origin of the hysteresis and bistability in the light power versus current characteristics. The saturation of absorption with increased light output introduces positive feedback and causes the sudden rise and fall of light power during the forward and backward current sweep. At higher injection current levels, gain saturation and the large difference between the unsaturated and saturated loss of the absorber under higher reverse bias result in a wider hysteresis loop. Finally, Fig. 2 also indicates the presence of electroabsorption, as absorption increases with increasing reverse bias on the absorber.
Hysteresis and bistability were also observed upon applying a constant laser injection current and varying the reverse bias voltage on the absorber. Fig. 3 shows how the light power out of the absorber and the photocurrent induced in the absorber vary with forward and backward sweep of the reverse bias voltage on the absorber. A clear and wide hysteresis loop exists in the light power versus reverse bias voltage characteristic, which is the combined result of both absorption saturation and the electroabsorption effect. This hysteresis and bistability appear not to have been reported in two-section quantum well (QW) lasers, although absorption saturation and electroabsorption can also simultaneously occur in a QW [13] . The total absorber current has two components-a leakage current between the gain sec- tion and the absorber section, and the photocurrent due to electron-hole pair creation via the absorption of light. The photocurrent in Fig. 3 was obtained by subtracting the leakage current from the total absorber current. Hysteresis loops also exist in the photocurrent characteristics corresponding to the loop in the light power, and there is a very large negative differential resistance corresponding to the sudden changes in light power. A device with the absorber biased in the middle of the hysteresis loop can be switched on and off by using a positive or negative voltage pulse, respectively. The reverse-biased absorber requires no current injection, the photocurrent change is quite small, and QD dynamics are intrinsically fast [9] . Therefore, using a shorter absorber section with better electrical isolation between the gain section and the absorber, high-speed switching and modulation controlled only by the absorber reverse bias are possible [14] .
To explore the electroabsorption effect further, the absorption spectra were measured using the technique described in [15] . First, as shown in Fig. 4(a) , the electroluminescence spectra out of the absorber was measured under different reverse bias conditions, while the laser is biased approximately at transparency ( mA). Fig. 4(a) shows the electroluminescence intensity from the absorber decreases as the bias voltage of the absorber changes from forward bias, 1.0 V, to reverse bias, 8.0 V. In the mean time, the electroluminescence peak position red-shifts to a smaller photon energy. The modal absorption spectra, or strictly, the changes in modal absorption loss, , under different reverse bias conditions were calculated using the following equation: (1) in which the cavity resonance was ignored, and the results are shown in Fig. 4(b) Here, is the electroluminescence intensity at a certain bias voltage, and is the reference intensity level corresponding to the electroluminescence of the gain section under transparency, where any absorption or gain present is small. The peak position of is actually the ground state transition peak of the absorption spectra. Fig. 4(b) shows both the redshift of the spectral absorption peak and the broadening of the absorption spectrum with increasing reverse bias. The absorption spectra peaks were fitted with Gaussian envelopes, shown as dashed lines in Fig. 4(b) . For a higher reverse bias voltage, e.g., 4 .0 V, a smaller peak arises at higher photon energy, corresponding to the absorption due to an excited state transition.
The redshift and broadening of the absorption spectrum under reverse bias conditions can be attributed to the QCSE, arising from the electric field in the QD layers. The internal electrical field across the QD was calculated for the laser structure under different reverse bias conditions. The ground state absorption peak position and the full-width at half-maximum (FWHM) of the absorption spectra were extracted from the Gaussian fitting parameters and plotted against the internal electrical field in Fig. 5 . The peak positions at a reverse bias of 5 V can be approximately described by a quadratic dependence. The peak redshift deviates from the quadratic dependence at higher reverse biases, possibly because the field is large enough to begin dissociating the electron-hole pair and thus influences the transition energy [16] . The Stark shift has an amplitude of 10 meV under an electric field of 150 kV/cm, which is comparable with the measurement of an InAs QD on GaAs in [17] , and smaller than that in an ordinary QW under the same electric field [18] . This can be explained by the relatively high barrier height and the small size of the QD's along the electrical field [16] . The FWHM of the absorption spectra change only slightly at low electrical fields (less than 150 kV/cm), and rise sharply at higher fields.
This linewidth increase is attributed to a reduced lifetime of the exciton in the dot caused by the tunneling of carriers out of the dot [19] . The expression below, derived in [19] for linewidth broadening of a single QD under an electrical field, was used to fit the linewidth broadening of the absorption spectra peaks (2) Here, is the linewidth as a function of electrical field, 23.52 meV is the linewidth at zero field, and 4517.2 meV and 1242.03 kV/cm are fitting parameters. The fit indicates that the broadening of the absorption spectra follows the same dependence as linewidth broadening of a single QD.
IV. CONCLUSION
In summary, long wavelength, oxide-confined two-section QD lasers with an integrated intracavity QD saturable absorber have been fabricated. In addition to achieving efficient room temperature CW lasing operation in the ground state, hysteresis and bistability have also been observed in both the L-I characteristics of the laser voltage, and in the reverse-biased characteristics of the light-absorber. The origin of bistable operation in the laser's L-I characteristic was attributed to the nonlinear saturation of the QD absorption, presumably caused by state filling. The bistability of the light-absorber's reverse-biased characteristics is due to both nonlinear absorption saturation and the electroaborption induced by the QCSE under the applied electrical field. The QD absorption spectra have been measured and the QCSE has been observed. The redshift and broadening of the absorption spectra have been obtained from the Gaussian envelope fitting of the absorption spectra as a function of internal electrical field. The Stark shift of the absorption spectra follows a quadratic dependence at small electric fields, while the linewidth broadening of the absorption spectra has the same electric field dependence as the linewidth broadening of a single QD.
